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Wonpzrum oric Tests ot Independence tfor Censored Dutn
with fpplicutions to Heart Transplant Studics

¥ R.G %X X
Byron Wm. Brown, Jr., Mylcs lollander, and Romesh M. Korw:r

Abstruct. A putient officially selected as & heart transplunt
candidate,in the Gtunford Heart Transplunt Program, will receive o
creasplunt if he swrvives until a donor 1s found. He will not receiw
= new henrt i he dies bet'ore u donor is tound, or if he is "dene-
—rcted" (for chowing noteworthy improvement). For o cundidate who do

08 receive u transplant, the available data include his survival time

yy 2n the date 91" ucceptance into the progrum) nnd, it dene-
- s, | Vit dy lection. For a candidate who doi receive u
12 pinnt, the availabiee antn inelude the waitiog time {or a donor

N Ui i 2w e Jda e of operatiom. Welbimg' Lime oy

avival time vorlabler may be ernsored wt the closing dute ot the

tuldy. furntull cnd grown (1bY and Turnbull, Brown, snd Hu [15] con-

s tiony Doie curdiac transplantation «f Staniord
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prolong liie? [They tound there was not sufficient cvidenee to sup-

port a "Yes" unswer; in fact their unulyses showed thut the pout-
trunsplant survival times ot trunsplant patients were consistent with
pre=transplant experience ot all heart candidates.] Here we investi-
gnte which virinbles are correlated with post-transplant survival
length. Varisbles considered are sex, age, waiting time tor donor,
and date o!f transplant. These investigations lead 1o new nonpara-

metric tests of independence ror censored data.

1. Introduction. Heart transpluntation hus held an extraor-

dinary thascinution for both layman und medical scicntist ever since
the first operation by Barnard in 1967. After the first flurry of
operations, two progrums in the United States continu d to accumulast
expericnee in trauspliuntation, one at Baylor University and one at
Stanford University. The survival expericnce of trunsplant putients
at Baylor was summarized by Messmer, et al (13]. ‘1hey concluded thot
survivel tim: of their transplant paticnts was extended but the addi-
tional life time was not worth the antiending cost, including traum.;
the progrum wus discontinued. The Stantsrd oxpericnce was summnrized
by Clark, et sl [2}. They also concluded that transplantation cx-
Lended 1life and the program at Stanford continues, with one to thro
new transplants a month.

Gail [} examined the Messm r, ot al [13]) and Clurk, et al [2]
papers and {ourri that both papers employed a method of urulysis thet

ie highly bisced., Briefly, the unulyses compared survival times i'or
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heart transplant patients with the survival times of transplant candi- |

autes who died before a donor heart was found.
) Turnbull and Brown [1L] re-analyzed the Stantord data, taking

Guil's criticicm into account, and, recently, Turnbull, Brown and

Hu {15] have annlyzed the Stanford data again, summarizing the data as

o March 1, 1973. They concludrd that the survival times of heart

transplant putients are quite consistent with pre-transplant experi- T

er.ce of all pre-transplant heart candidates selected, but that no

i d=rinite conclusion can be reached on the question of life-extending
effects of transplantation, becausc there is too little long-time pre-
transplant data available. However, there 1s good evidence that transe
plantation does not shorten expected survival time to any great oxe-
tent, and the quality of life for some survivors is remarkably
enhanced.

Th= snalys:s of Turnbull, et al ([14), [15]) did not considrr

wrich verisbles werce correclated with the length of post-transplant
survival. Here we address this question of correlation considering,
in particular, the variables sex, age ot trancsplunt date, dute of
transplant, and waiting time for a donor. The investigution of a
possible correlation between date of transplent and post=-trensplant

survival is of speciul intercst because it can be vicwed as an exami-

nation of 2 trend in the ezpected survivel time of transplant patients

(with &n incressing trend possibly reflecting improvement in surgieal

techniques, in the methods of selecting transplant candidetes, and in

L———-————‘ ;




monitoring and caring for the post-trunsplant patients).
Our approach is via Kendull's [12] rank corrclation statistic,

This staticstic, however, has to be moditied to accoawmodnto right cen-
soring of the¢ dependent variable, typicually found in clinicul survivel
studies. Two conditionally distribution-free teste are presented; one
(Scetion 3) is analogous to Gehan's [8] adaptation of the Wilecoxon two
sample statistie to censored duta and the other (Scetion L) is unulo-
gous to Efron's (6] adaptation of the Wilcoxon two sample statistic to
censored data. The conditionilly distribution-free tests of Scetions 3
and 4 are based on an independence assumption concerning the basic
varisbles (whose independence is being tested) and the ceusoring vari-
«ple, Thic sssumption [Assumption (A)--sec Section 3] will not be
=iz i<4 in cortadin situations ot interest. Hence, in JSection &, w
reiu this assumption and provide s "pscudo" conditional test. This
to2gt, however, do~s not possess the distribution-trec property.
Scetion 6 summarizes the spplicentions of these techniques to questions
of interest in the Stanford Heart Transplant Progrum. Robustnoss
comments are mud- in Section 7.

2. Datue d:scription. The starting date for a patient will be

~he cdute on which he is declared o trancplant candidate in a team
conference, initiating the search for o donor. The dutn for the 8
czndidates admitted to the progeam, as of March 1, 193, are given in
Tople 1, For piticntc «who alied before o donor wan tound t'or them and

Tor thoze cuill wweiting ¢ heariu, we give their birth date, date ol
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declared acceptance into the program, sex, and the number of days o

1

r

:. : survival (to dreath or to the closing date for analysis, March 1, 1973).
L z1so indicate whether the patient is alive or dead at the closing

|

dute. For paticnts receiving a new heart we give the birth date, dat

R of acceptance, sex, days to transplant, days from trancplant to death
or closing date, and state (dead or alive) at closing date.
t Table 1: Acceptance dates, birth dates, sex, survivul times, and

times to transplant for Stanford Program patients.
(Closing date: March 1, 1973)

lontruncplant Patients (30)

:I\J_-/ alive

]
j&=}

3irth Date Sex Acceptance Date 1 dead = d
Yo, Dny Yr. Mo, Dhy Yr.

5 20 28 M 9 13 67 5 d
1 10 37 M 11 15 67 49 d
3 2 1 M 1 2 68 5 d
7 28 W7 M 5 10 68 17 d
11 8 13 M 6 13 68 2 a
3 21 23 M 8 1 68 39 d
6 1 1 F 8 9 68 84 d
7 9 1Y I 9 17 68 { d
12 I Rt M 9 27 68 0 d
6 29 L8 ! 10 8 68 35 d
10 4 09 M 11 18 68 6 b d
0 18 8 1 5 1 69 1w 3
2 6 19 F 7 b 69 34 d
10 L1k ! 8 23 69 |5 d
8 4 26 M 1 21 70 11 d
E 17 <L M 8 21 70 : a
€ 1 27 F 10 22 170 1 d
5 8 M 11 30 70 39 d
1 23 15 M 2 5 71 8 d
1 2Lk 30 " L 25 71 101 d
9 16 23 M 7 2 7 d
6 8 320 A ) 13 N 148, d
8 19 L2 M 11 1 71 L a




(0p)

Birth Date Sex Acceptance Date 1 =
Mo. Day Yr. Mo. Dey Yr.
5 19 M 12 T A d
8 » M 12 9 T ¢/ a
i 19 M 3 20 172 31 d
i 20 M 9 29 172 1 d
8 31 M 10 6 72 20 d
2 2l F 11 3 e 118 ¢
2 19 M b | 30 72 91
Transplent Patients (52)
1 1 -

Birtn Dote Dex Acceptance Date T'é/ T’%/ =
Day Mo. Day Yr.

S 19 a 6 68 0 15

12 23 3 28 68 35 3

3 29 7 12 68 50 62k

2 9 8 11 68 i) L6

8 ) 8 15 68 25 127

2 22 9 19 68 16 61

9 16 1k 9 20 68 36 1350

5 16 1y 10 26 68 27 312

1z 27 11 11 1 68 19 2k

20 1t 1 29 69 17 10

9 22 =% P 1 69 7 102k

6 £ ) 18 69 11 39

12 g 1o I 11 69 2 130

¥ T & h 25 69 82 136

2 6 3 4 28 69 2k 1379

) O 6 7 69 70 1

9 20 8 19 69 15 836

n 2 05 8 29 69 16 . 60

1 1 21 11 27 69 50 1140

5 2k 29 12 12 69 22 1153

5 1 2% I 70 45 5k

10 24 08 h 25 70 18 Wy

W 14 28 P 5 e h 0

11 12 19 5 20 0 1 W3

11 30 21 5 25 70 4O 971

L 30 25 8 19 ‘[0 57 865

10 30 3k 1 g il 0 Wi

——




alive = a
B i ) .
Birth Dute Sow Acceptance Date 2 2 dupd —=
Mo, Duy Yr. Mo. Doy  Yr.
3 1l 22 F 1 10 71 1 180 a
12 28 23 M 2] 2 7 20 51 a
6 21 34 M 2 15 71 35 710 a
3 28 25 N 15 L 82 663 2
6 20 2 M 3 2k 11 2% 253 &
c 24 L A 7 2 |l 40 1i7 ok
2 2L 19 M 9 71 9 51 d
12 5 B M 9 3071 66 W79 u
Y iy M ' 23 71 0 5e d
5 12 30 M a 2¢ 1 T Ly d
10 20 M 11 18 71 z 6 i
i 1 ) i 1 et Tl 26 419 @
" L M 17 32 36
11 il ) M 6 7 13 6l a@
9 g M 23 " 56 3 d
1 10 { M L TR T ' ($9) d
6 5 } M 6 1 7 9 6l
6 ik | 1 M { hlly { h ;
' 5 M { 21 i 30 1¢
bty 22 L5 M 14 { g 106
‘ 13 16 i ) 11 { 26 5} d
{ 20 U3 M ) 18 7 b 1 d
9 3 20 M 10 h { i 103
6 21 26 M 12 6 5 ¢
' 21 I 1l 12 (3 43
l""'l S S I i . 7 - 3
*¥, =y 2 death or closing dute.,
T, = day:. Lo trunsplant.
T. = days from trancplant to d nth or closing dit

i/D- selected 8/21/69.

;/D~Lcltc'rd /02/72 (nlso. ror this prtient only.
survivial ecxperienes is known only up Lo l/],/’(
&) thmt thed M. =427 entry 8 mé@hcur®d [rom
.Ll/l/'(l te J/l}'[ 3 rather than i/l/, y) .

/
— D selee “ /:)"/l s

Souree: E. Long (Ly]. X97:)




2. Simple scores moiification of Kendall's rank correlation

ctatistic. For datu consisting of n pairs (Xl’Yl)""’(Xn’Yn) the

hypothesic of independrnce of X and Y can be tested using
’

tiondall's [12] rank correlation stutistic

n n
(1) S= £ £ a,.b,.,
vhore aiJ = 1 it ki > XJ’ 0 if Xi = XJ, =iy N ki < Xj’ bij = il
o ¥ =Y. 0 1f Y, =YW, -1 if ¥, < ¥,. If, howeven, either K
i J 1 ) i J

or Y (or both) is censored, we may be unable to compute certain of
the a's or b's, In our heart trunsplant studies we ¢necountered
situantions where one of the variables (say Y) wus right-cencorcd;
t'or convenienee and simplicity we develop our tests f'or this cune,
Modificationc in situations where X and Y arc both righteursi 1oi't-
consored 2re notationally more complex but can be d veloped in o cimi-
ldr m@nner.

Wher, <he ¥ wvarinble is right-censored, our observed paired daty
moy be churacterized by the vector w = [(xl,zl,al),..., (xn,'/.n,an)}

UG, S Bene L= SR

(2) Zi = minimum {Yi,Bi] .
and
1 4r 2. =Y (that is, Y. 15 unccnsorcd)
i 1
(;\) (-i = (
0 if 4 =D (thet is, Yi io ernsored ot

nown value, Ji).

e My

e i -



For example, in our study of u possible correclution between sex

zud length ot pocsz-transplunt curvival, Xi =9 If pErient &4 | is

ro2le and O 17 femsmle, and Y, is the number of days patient i sure

-+

vived after itreaosplmnt. IC patient 1 dies before the closing date.

¥, is uncengor®d end Z, = Y.. If, however, patient 1 dg stddd
i i i ¢ ’

ulive on the closing dute, then Yi iz (for our present purposes)
censored and we ingte:d observe 7 o= Bi’ the numbcer ot days from th
Jate of trancplunt to the closing date. [In the notution of Tuble 1,
o B 1 corresponds Lo the letter "d," 81 = 0 corresponds to "n."]
For the cuge where Y dis right-censored, we adjust the detini-

aivor of the b's wc jleldowe:

[
(=6
=3
(2
Ve

gt fj ’

YJ or if "uncertain" ,

—~
!
o
1}
(@}
b
v
5
i

d
L <Y, .
1 J

d
In (&), Y, >, (rend "Yi is definitely greater than Yj") means

slet . on the W@oim ol Zi’ij’bi’qj’ we can infer thot Yi > Yj' The

d
notation Yi < YJ is defined similurly, and bi' = 0 i1 we ean inter
dJd
ket ¥, =Y., or i, beenuse of censoring, we camnot bha sure ol Lhe

] d
Y..Y. oriring. Ve have that (1) B 5. 19 () &. =121 nnd

i i , 1 J
(&
Y. <Y, i7(c) &, =1 and 2,<2Z,, or (@a) &, =1, &, =0, and
4 J -~ - 1-5 - ol
fyo= 2.0 For (1), n..=121; Por (4i), b,, = «1. I. both (i) nnd
i J 1, lj




The signiricesunce of the stutistice S, for testing independenec.
enn be obreined by recing where the osbserved value of 35 (S(w) =say)
i11le dn the pevmutation distribution obtained by computing nl values
of O, omnce wlue tor each of the n! possible permutations ot the

{(111,61). cen .(21“.?»“)] observitions (keeping the X's  rixed)., Con- i

sider then the group G of n!  {transtormations with typicual member

T

bt
=
[
=

=ssa

vhere (il-....i,.) iz a prrmutation o' (1,...,n). As a reference
L

point tor dctermining the significance off S(w), we consider the

usee of the conditional measures

=t

() Bl & a5_saeny, (0= ot
1 11

for vael permutation (il,...,i“) o' (l.....n).
The use of (5) can be Justiried it the independ nee off X and Y

implies };/in‘wpund'-nc«' o X nnd (Z,5), so that when the hypoth-
rd

esis of X.Y independence ic true, for each g ¢ G, g(W) would

have the sume distriovution as W, In developing the conditional

distribution-iree tests of Sections 3 and 4, we thus take s u basic

assumption

() Yhen X oana Y are inde pendent,
X s«nd (Z4.0) ore independent.

Waether or rnow .orumption (A) o oatisided in procelies acpends on b

joint @ifcribuvion oo (¥,7,01). [An nusdmption tist implice (A). bu




1i

is unnecessurily restrictive is (A'): When X and Y are independ-
ent, X, Y. and B are mutually independent.] A rough (but not
uniformly velid) rule is that Assumption (A) is a reusonable ascump-
tion to make when the indepondence of X and Y dmplics the inde-
pendence of X and B, For cxample, with Xi: 1 if phtient 1 ds
male and O il Jemale, and Yi = numbcr of post-transplunt survival
days for pationt i, Assumption (A) is reasonable. However, if we
detine Xi to be the date of truncplant (and kecp Y o5 above).
then since Bi = number of days f{rom Xi tol cloging dete, 1t is cleanr
thnt X =nd B have a corrclation of =1 whether X =nd Y ar
ingacpendent or not. (We ean write Bi = T-Xi vhere T ic a Yixed
constunt.) In this euse, even if X and Y are independent., X and
(2,8) arc dependent and (%) is not justified.

When Ascsumption (A) is satisfied, our a-level test is defined e
To.lows. Let S(l)(w) < eee Ss(nl)(w) denote the n!  ordercd
values of S(g(v)) for ¢ e C. Let @(w) denote the probability of

rojeeting the hypothesis ol independinee when W = w., Ve set

1 ir s(w) > 5™y,
(6) o(w) = r(w) ir o(w) = S(m)(w) ,
0 ifr s(w) < S(m)(w) ,
where m = n! - [n!.}, (z] iz the greatest integer lesc than or

equal to X ané r(w) is scleected to give the test size (.
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Under Assumption (A), the test defined by (6) is a one-sided condition-
ally distribution-free test of independence versus the alternative of
positive association between X and Y, One-sided tests versus nega-
tive association and two-sided tests are similarly defined,

¥or large n, the following approximation to the conditional
distribution ¢f S can be used. Under suitable regularity (a suf-

ficient ccnaition is that Ta.‘a and b each be of the

Bl 13°13
3y

order of n the statistic & 1is conditionally asymptotically normal

with cenditional mean
1) E(8) = 0

and conditional variance

Var(3) = h[n(n-l)(n-Q)]-l(xnijaiJ,-Xafd)(Fbijbij,-Zbij)
(8) 0, wwa 2
+ 2[n(n-1)] ’TniJ)(Fb{J) ; |

In the above summations, each subscript is summed from 1 to n., The
conditicnal mean, variance, and asymptotic normality {cllow directly
from Daniels {L].

In the special case waen the distribution of (X,Y) is continuous
and them is no censoring, exact critieal values of 5/2, for
n = 4(1)40, can be cbtained from Table I of Kaarsemaker and van
Wilngaarden [10], which also appear: as Table A.21 of Hollander and
Wolfe [9].

If weset X, =1 1f ith patient is male and 0 if female,

then Asswiption {(A) is reasonwble, ‘'his dichotomy puts the problem in

-
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the Srarmeworr. ¢ the two sample location problem for censored dala,
for we are then comparing the Y variable in the male and female
populaticns. In such a cese, the conditionally distributione-free
test given by (€) reduces to Gehan's [8] procedure, Of course,
Assumption (A) is reasonablie for other types of X variables (e.s.
physical status at date of ‘“ransplunt, or degree of tissue match
with donor).

o Xaplan=Meicor scores modificstion of Kendaull's runk correla-

<lon grnligtic. The b's derined by () ignore cortain availabl

information. Mor cxample, suppose t'or the moment, wo identity aith
the post-transplant survival variable Ti of" Tubl«~ 1. Conridrr
patients 19 and 52, with 72 wvalues 1379 and W3 regpectively. Th

Sl

Gecetion 5 seoresn bl“,, = 0 sinc hl = = 0. Thet

15, since bolh puticnts were nlive at, the closing date, we are un-
) ™

approuch ot

certain us to which one will sccummlate more poot=tiranaplant litfe,
However, ciner pautient 15 hos been best, to date, in terms of port-
traneplant survivel irn the Stantord Program, one teels it is likely
that Ylb will cxeeed YS-' To quuntity this, we tollow Etron [(]
and utilize the Kaplan-Meirr ([11], [6], [3]) estimator of the true
survival function.

Let J(l) < eee < L(n) icnote the ordered values ot the Z4's,

Tren the nonparametric meximum likelihood estimntor of the survivor-

srip Sfunetion H{t) = P(Y >t} for t >0 is given by:




14 |

() 1(t) = TT ((n-r)/(n-r+1)) .

T

where r  runs through those positive integers tor which Z(Y) a
and Z(r) ig an uncensored obscervation. Our Knplan-Meicr adjusted b

seores are given dn Table 2.

(1.0) 1-;(ﬁ(xi)/ﬁ(xj)) -1 -l

(0.0) 1Lz )/A,)) -Gz )/R(z)) 00/ )

fiotd thetl, duewpt for Lthy cuse 2, =2 the b, . seores ;e

i s i
friven by

sn)'l »

- 4
b, . = 2P(Y, > lezi,dj,ai

i ’5,

J

wnere the coniizional probubility is interpretea as it Y, and Y
A
were actuclly drawn from  H.
The: Kuplan=Medicr scores econditional test is based on &, and
is detfined by (6), where now the b's ame obtained trom ‘bl and

the a's wre as derins i in Ovetion 3. Unuer Assumption (A), the Lest




iz conditionnlly distribution-{ree, With the b scores given by
Tuble =, the conditional mean and wvnriance for the normal approxi-
mutiorn given by (7) and (8), respectively.

5. A psoudo=-conditional test. In Section 3 we pointed out thet

Assumption (A) was not satisried when X = date of transplunt nnd
Y = length off past-transplunt survival., The hypothesis of independ-
rnce of X and Y ds of interest because a positive association
would suggn st 9 beneiieinl trend in post-trunsplant survival since
initiation ot the Stantord Progimm. Since the procedures ot Scetions
3 and & are not applicible in this situation, we were led to the

.

rollowing "pocudo-conditional" test.

o W

When Si = 0. we know thut Yi > Bi’ and we ulszo know Bi

¢un then "rill in" the unkiown Y1 value by taking o random value

from the distribution function defined by
(10) P(Yi > t|1fi > 31) = n(t)/u(Bj s

where ﬁ(t) is the Kaplan-Meier estimntor defined by (9). However,
the random distribution tunctions detined by (9) nnd (10) ure not
continuous and there is slso ambiguity in the Knplan-Meicer eatimstor
when L(n)’ the largest 72 value, corresponds to o censored value,
In that cuser, Kaplan and Meier suggested that ror > Z(n)’ ﬁ
7ould b reysrded us being belween ﬁ(Z(n)) and O, but not

A

Zr. 9zir Lo sumple from H, and to wvoid obtuining tied velues,




A

completed and adjusted H to H* (say) as follows., We formed a polvz-
onal curve, connecting the points (Z(r)’H(Z(r)))’ where r runs
surough the subseripts corresvonding to uncensored values. We then

iefirned H*(Y) to be the pnolygonal curve up to Z(n)’ and beyond Z(n)
-:* i = 3 " Af, :’, ; ] L]

This correcponds to ritting an exponentiul to the tuil as follows.

For t > t(n)' H* is given by the probability l*(t) = exp{-t/0},

whorae v is chosen 5o that 1'or t = 1(n)’ exp(-t/0} = ﬁ(z(n)), the
¥eplan=Meior cotinate for U = A(n)' We used this adjustment for =21l
cases, that is, when &(n) corresponded to a censored wvilue and when
Z(n) correcponded to an uncensored value. Let Y; denote a random

value sampled from the dintribution defined by

(12) P(Y] > t) = n"(t)/n‘(Bi) ,

where 1 runs through those cubceripts for which 81 = 1O

Our psoudo-conditionul test consists of applying the usual per-
mutation tect based on © to the uncensored "sample" [(X,,Y.),i
such that &, = 1, (Xi’Yi)’ i cuch that b, = 0}. If choosing the
Y''s by o random mechanism is too distasteful to the user, an alter-

naetive suggestion is Lo take Y; t92 be the median of the distri-

hution defined by (12).




6. Applications. In this section we give the results of the

t'ollowing correlation smalyses: (1) sex versus post-transplant sur-
vival time, (i1) age ot transplant versus post=trunsplant survivel
time, (iii) date ot trnsplant versus post=transplant survival time,
(iv) wniting time for a donor versus post-transplant survival time,
(v) date of acceptanes versus wniting time for n donor, (vi) dute of
weceptanes versus sex, (vii) date of acceptance versus age at aceept-
ance date,

The tests ndvoented in Seetions 3, k, and H are referred to as
cimple sdjusted (CA), Koplun=Meier sndjusted (KMA), +mnd poeudo-
conditional (PC), respectively. Assumption (A) of Section is not
revasounble for prajects (1ii) snd (v) and thus the OA nd KMA proce-

. aures ar cuspecet in Lhose enses; nevertheless, t'or comple: cness, we
report Lo Y osud EMA results. In projects (vi) mad (vil) there isn
Lo eensorin: vl VA, KMA, aud PC 41l reduce vo the same procedure,
numely the usunl test of independence brased on Kendnll's |

Our sample slzes are n = %2 (projects (i)=(iv)) and n = 82
(projects '~'=l1)), Thus n is too large to perform n! permitn-

tions, Our resilic wre stated in temms of the normal approximation
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arnd an approximation to the permutation test based on a random sample

of 1000 permutations, In addition to giving the one-sided significance

probability (P value) associated with S, we include the value of

. 2 ..o \1/2
(13) ra 8§t = a;J ) bijl/ >
ig) 1549

the latter being interpretable as a measure of correlation. The
results are swamarized in Table 3.

Table 3. Significance probabilities for correlation anulyses.

P P
Normil (Normnl (1000 per-
Project Procedure 5 doviate approx.) mutations) &
5§ oA =72 -.665 253 291 -
i KA -62.1 -5 .290 . 320 =06
i PC -5 SURIENG .328 < 3h9 -.0°
L CA =48k -2.056 .020 .00 -.'0%
ii ettt =521.( -2.138 .016 .019 -1
ii PC =558 -2.300 .010 .008 -
i an 428 1.818 .035 033 181
iii QY +Oho1 1.650 .049 LOLE 166
i il PC 524 .068 .019 AT .198
iv 6 2,729 .003 .003 ey
iv ) 6577 697 .0035 <.001 N
iv P 681 {01 .0035 .001 < 00
v A =226 -H067 .285 21 -.0
"2 }G"J -;20800 -.,‘5'1 n;k “t . s]l’ -ck\ {3}
v PC -hok -.809 .209 <18y -.00]
vi i 216 1.078 <140 104 SO
vii i -338 =07 249 «230 =001

(1) ew versus post-trunsplant survivael: Here X = 1 41 the

prtient ic male, O if Yemnle, and 2 igc the minimum of the Gin

trom truncplast to Zocath ana trie time from trunsplant to closiiyyg diote .




Eighteor oboerwations, corresponding to those patients who received
transplantc berore the closing date and were alive at the closing date,
are censored. The dinta are sparse for detecting sex differences since
only four of the fifty-two trancplant patlients are women. The data do
not indicite s cignificant correlation beiween sex and post-trancplint
survival. The ¥aplen-Meier estimator ﬁ(t) of P{Y > t}, where
Y = post-transplant survival time, is given in Tuble L, In addition
) :\(t), Table & contains an estimator of the standard deviation of
(z). The estirator, given by Kaplan ond Meier [11], is
(1-) L)) = fe) o) (o)) 1 HY

T
where ”'(l) <0 < Z(n) arc the ordered Z's, and r runs through
those positive intep-rs for which Z(r) <t and ;"(r) is an un-

cencored obgcervation.

Th: aplun=teder cotimetor ic bused on the ssownption that the
wtz (of vhich only M are observuble here) are independent and idor-
ticully distributed. There is come cvidence (oee project (iii)) thet
1 in fact there is a trend in the Y's wond so this assumption is prob-
ably not vulii. Ievertheless, we necd ﬁ(t) in order to apply the
KMA and PC procedures., Furthermore, Table b is informative in it.

own right.

A i AR
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i T ble 4. Knplan=Meier estimator of the post-transplant
l surviwal distribution.
A A A
+ (days Hstz SDS} stZ)
0 .981 .019
1 962 027
| 3 k2 .032
' 10 «923 037
12 <00k Lol
15 885 Lol
2l 865 LOhT
5 BL6 .050
39 e .052
. 43 .808 .055
i .788 057
W6 .68 .059
W .Th9 .060
S5l 709 .063
Sk 689 .065
i 60 <670 066
f 61 650 L0067
63 .629 .068
1 Ol .609 068
65 568 070
127 Sl .070
| 136 .526 .071
r . 147 .505 Neyal
228 L82 Noyal
253 459 071
312 Q35 Noyal
322 A10 Noyal
62h 379 073
720 <341 L0715
83 299 07
102k «239 081
1350 119 <09k

(i1) Are at transplant versus post-trunsplunt survivals: Here

X = age ot transplant, 2 is sus in projeet (1). Procedures SA, KMA,

ard PC all indieste o smull but significant negntive correlation
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.=7iwzen uge at truncplant nnd post-transplant survival (see Table 3).

(iii) Datc of transplunt versus post-transplint survival: Here

Y = date of transplint, % is as in project (i). Ascumption (A) is
»ov wvalid, but we appliecd procedures GA and KMA to compure them with
<o PC test. The annlyses (sce Table 3) suggest o modest but signiti-
cont positive corrclition between post-transplant survival time and

of transplant, with more recent candidates in the program geneir-

o
o
[99]

ally faring better than earlicr eandldntes. One would like to sttri-
bute this trend to improved surgicul technique, and postesurgical
care, but it may be due to other fuctors as well, cuch ae seleetion
of hardicr pitients or more appropriate eandidater in recent yenrs of
the proprim. Projects (v)=(vii) investigate whether there hes been
chinge over time in waiting time ror o donor, sci of the ecandidates,
and age o the eandidates,

(iv) oiting thme for a donor versus poste-trmnsplant survival

time: H e . = time from sceeptance to transplurt, U is as in
project (i). Procrdures fA, KMA, and PC all indieate a signiticant
pocitive corr lstion betlween woaiting time and post-trancplant osur-
vival (cec Toble 3). Oue- possible explanation: Yhose mtients that
have to wwrit = long time for s donor (und survive to rcccive a henrl)
ArE  Séleesed ¢ hardiness by this process, and might be expected Lo
survive longer.

(v) Dute of acceptunce versus waiting time for o donor: Hero

£ = acceptunce cate and 2 ig the minimum of the times to denth,




22

transplant, deselection, and closing date.

The uncensored values here

are those Z's corresponding to patients who received transplants.

Thirty of the cighty-two observations are censored. Therc is no evi-

dence (sec Table 3) of a trend in woiting time for a donor. The

Kaplan-Meicr estimator of P(Y > t}, where

donor, is given in Table 5.

Table 9. Knvlan-Meicr estimator of

2 donor distribution.

t (days Hftz
0 .976
1 951

912
; 899
y ' .859
.845
7 .831
) .803
11 STTH
13 (59
15 o (i
16 <715
17 700
18 685
10 670
) 639
22 . 62,1
24 608
5 % i
°6 Sh6
27 530
30 «5H15
31 99
32 483
35 <1450
36 43
e «393

Y = waiting time for «

waiting time for

A A
SD{H(t

.017
.02h
032
034
.0h0
LOhl
L0h3
LOh6
.08
.050
051
053
054
055
«05¢

057
.058
tollk)
.060
060
001
.061
.061
.061
.061
.061
062

o

=




L p g
1
| B
|
13
23
- 1
A n A .l ,‘.
t (days H(t SDCH(t @
)‘5 035)‘ 0061 1 E
50 .312 J061 {
56 .291 .060
57 +2T70 059
66 .248 .059
70 $ 225 057
i .203 050
82 158 .052
(vi) Dute of aceceptunce versugs sex: Here neither variable is
j 3
censored,  The independence test yields a non-significant trend 1
E
(P = .14) with the indiention of n slight tendency tow rd choosing .
mile cundidates as the program proglesses,
(vii) Dnte of acceptance versus age at aceoptance dutes  Ilithe v ”
1
variable is censored, and, on the basis of the $ test, ond 1 1led to i =
1
aceept the hypothesis of no associntion. See Table 3. }
!
7o Robustness con ents. 'The A and KMA procedures are cxact i ::
whon Assumption (A) is satisticd. The PC procedurc is not exact but 1
a hint of its robustness can be obtuined by compuring it with SA and
KMA vor situstione where Assumption (A) is valid. Projeets (i) smnd '
b | (:1) urnich such comparisons, und there is reasonable agreement (e
Toble *)e lor project (iv), wherc the deviation trom Assumption (A) 1
ir nild, A, KMA, nnd PC are also in good agreement,. ’
In projret (iii), the deviation from Assumption (A) is strow; }
-1 corrclition between X and B ooxists (whellier or not X il 13

Y are inzepeoniout).  Here the signiticance probublilitics nehloved hy
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SA and KM may overemphasize the significunce of u positive correlation
between X and Y. The fact thut the P wvalue for PC 1is cven
camller than those for SA and KMA may be in part due to the exponrn-
1171 tail adjustment (see (11), Scction 5) of the Kaplun-Mcicr csti-
mator., The cxponential tail tends to be optimistic about post-
transplant survival prediction--especially for those o nsored valueg
correspondings to transplants that occurred shortly before the closing
date,

In vicw of the importunce of project (iii), the following, morc
conservative, approsch to post-transplunt survival prediction was also
used. After connecting the consecutive points (Z(r)’ﬁ(y(r))) ng in
Scetion 5. the line connecting the points corresponding to the two
lavgest uneensorced values was extended downward until it intersocted
the horizontal axis. This tail reploced the exponentinl tail given
ov (11). Using this straight-line adjustment to the Kapian-Meior
actimetor, the PC procedurc yiclded a correlation off = ,109 with
an estimuted one-sided significance probability of P = .112 (bused
on 1000 pcimutstions). The corresponding valuces, using the exponion-
tinl tail for the Kaplan-Mcier estimator, were [ = ,198 and
P = ,017. The overnll indication, from the PC procedures, is thet o
2 modest,, but cipnificant, positive correlation between transplant
jute sna post-titmeplunt survivel,

Ve optuidned nnother mensure ol Lrend in post-titnaplant, carvived

sz follows. Tuble 6, in the form ol'u 2 X U conting ney table,

S

-l'-lll_




gives, for euch of the years 1968, 1969, 1970, 1971, the number of

- p:tients (M) who were accepted as candidates in that yenr and went on
<o receive o trmneplant. It wlso provides the number (m) of' those
wno  ocurvived ai least one year after their transplant. (We omitted
1272 wo cimplify the analysis; complete returns on the 1972 group
c-ve not available at the March 1, 1973 closing date.)

Tuble 6. Relationship between yeur of acceptance and
one=year post-trunsplant survival rate.

year i 1(1968) 2(1969) 3(1970) 4(1971)

my 2 6 2 6
{ = 1 5 1
IH m, { ; < e
My Q il 6 13

re

Mnploying u procedurc due to Armitage [1), we used Kendall's 0

to tegct ar a trend in the one-year survival rates. The statictic

rqucees Lo

,
i}

(Ml-ml)(m?+m'4mh) - (Mg-m_)(m%+mu) + (Mj-m3)mu

Ll‘(MZ-me) + (MB-N3) + (Mu-mu)] - m‘{(Mj-m%)

+

(), =m, )} = mo(My=m) .

ni r the hypothesis of no trend, the mean of 5 is zero and variunec

r

. 7 e LT=1 D
t .':Z‘(.:) = ap(ip-1 (Ti' I,Mi’ ) ’

....'Il;i;;;iiiiliiIlli , - —

e ne L R, . SRS, SO el
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»

1
ct

= m, and T = M . For the data of Table 6, S = 50, 5

i i 3
(7)) = 5539.6, and the normnl deviate is .74 corresponding to o

)
oe=zidad P ovnlue of .23. This analysis, based on much less intor- 1

nution thun PC procedures, agrees in direction--but not in degree of
signiticance--with the PC results that suggested a positive trend in
post=transplant survival.
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